RADIOCONJUGATION OF INTERNALIZING ANTIBODIES 



The U.S. Government retains certain rights in this invention due to funding 
of grant CA42324 awarded by the National Institutes of Health. 

TECHNICAL FIELD OF T HE INVENTION 

5 The invention is related to the area of radioconjugation technology. In 

particular it is related to the use of internalizing antibodies in radioimmunotherapy. 

BACKGROUND OF THE INVENTION 

Monoclonal antibodies (mAbs) are attractive vehicles for targeting radiation 
to tumors because of their ability to react specifically with molecular determinants 

10 on cancer cells. However, the anticipated impact of labeled mAbs on the clinical 

management of cancer has yet to be achieved; loss of label from the mAb in vivo 
and uptake of radioactivity in normal tissues have impeded their clinical 
application. Iodine-13 1 is the most fi-equently used nuclide in clinical 
radioimmunotherapy, but its usefulness has been compromised by in vivo 

15 dehalogenation of mAbs labeled via conventional procedures. 

Radiolabeled mAbs could play an important role in the diagnosis and 
treatment of cancer if the molecular specificity inherent in the mAb-antigen 
interaction can be successfijlly exploited to selectively deliver radionuclides to 
tumors. For many types of cancer, radioimmunotherapy is an attractive alternative 

20 to external beam radiation therapy and systemically administered chemotherapy, 

treatments that are fi-equently ineffective because of dose-limiting toxicities to 
normal tissues. Radioimmunoscintigraphy is appealing not only for lesion 
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detection but also as a means for determining which patients are suitable 
candidates for labeled mAb therapy. Numerous clinical studies have confirmed 
the ability of labeled mAbs to localize in both primary and metastatic cancers 
(reviewed in Britton and Granowska, 1996; Larson, 1995), and in patients v^th 
5 radiosensitive tumors, significant therapeutic responses have been obtained with 

^^^I-labeled mAbs (Press et al., 1995; Kaminski et al., 1996). However, other 
tumors have proven to be less radiosensitive, presumably due to the low level of 
radionuclide retained in tumor and the significant accumulation of radioactivity in 
normal organs (Kairemo, 1996; Bast et al., 1997). There remains a need in the art 
10 for improved techniques and reagents to selectively target both therapeutic and 

diagnostic radiolabels to tumor cells. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide radioconjugated ligands and 
methods of their use in locating and treating tumors. These and other objects of 

15 the invention are provided by one or more of the embodiments described below. 

One embodiment of the invention provides a composition for internally 
labeling a cell. The composition comprises a ligand, an oligopeptide, and a label. 
The ligand is any moiety that specifically binds to a cell surface antigen or receptor 
and is internalized by the cell. The ligand is selected fi-om the group consisting of 

20 an antibody, a fi-agment of an antibody, and a synthetic polypeptide. The 

oligopeptide comprises at least one positively charged amino acid residue and at 
least one D-amino acid residue. The oligopeptide does not comprise two or more 
contiguous L-amino acid residues. The oligopeptide is covalently bound to the 
ligand. The label is covalently bound to the oligopeptide. 

25 Another embodiment of the invention provides a method of incorporating a 

label into a cell. The method comprises the step of contacting the cell with the 
composition described in the previous paragraph, whereby the label is internalized 
by the cell. 

Still another embodiment of the invention provides a method of locating 
30 tumor cells in a mammal. The method comprises the steps of introducing a 
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diagnostically effective amount of the above composition into the body of a 
mammal which comprises tumor cells, scanning the body with a scintillation 
detector, and generating an image depicting the tumor cells in the body of the 
mammal. 

5 Yet another embodiment of the invention provides a method of 

radiotherapy. The method comprises the step of introducing a therapeutically 
effective amount of the above composition into the body of a mammal comprising 
a tumor, whereby grov^h of the tumor is diminished. 

A further embodiment of the invention provides a compound for labeling a 
10 ligand which binds to a cell surface antigen. The compound comprises a molecule 

of formula (I): 



O 

II 

Ri-NH-(AA)„.C-0-R2 (I) 

15 O 

II 

The -NH- group represents the amino end and the -C-O- group represents the 
carboxyl end of the molecule. AA represents an amino acid and n is an integer 
having a value of at least 1 and at most about 10, 15, or 20. is H or an amino 

20 protecting group and Rj is H or a carboxyl protecting group, with the proviso that 

Ri = R2 = H is an unsatisfied condition for this molecule. Either R^ or Rj is H. At 
least one amino acid residue is positively charged and at least one amino acid 
residue is a D-amino acid. The molecule does not comprise two or more 
contiguous L-amino acids. At least one amino acid is sufficient to be coupled to a 

25 label. The molecule is sufficient to be coupled to a ligand at only one of its amino 

end or its carboxyl end. 

The invention thus provides the art with novel tools to introduce labeled 
ligands into a cell. 



3 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figures 1 A and IB illustrate how two preferred compositions of the 
invention are formed. In Figure 1 A, the oligopeptide at the left (D-Lys-D-Arg-D- 
Arg-D-Arg, SEQ ID NO: 1) is coupled in the first reaction via the e-amino group 
of D-Lys to a chemical moiety (e,g,^ 5-iodo-3-pyridinecarboxylate) comprising a 
label (e.g,, ^^^I). In the second reaction, the fi-ee carboxyl terminus of the labeled 
oligopeptide is coupled to a fi-ee amino group on a monoclonal antibody. In 
Figure IB, two similar reactions are carried out, but the oligopeptide is D-Tyr-D- 
Arg-D-Arg-D-Arg (SEQ ID NO:2), and the label (e.g., "^I) is coupled directly to 
D-Tyr. 

Figures 2A and 2B show intracellular and cell culture supernatant activity, 
respectively, following incubation of mAb L8A4 labaled using SIPC (solid bars) 
and Sm (open bars) with EGFRvIII positive HC2 20 d2 cells. 

Figure 3 depicts the binding and internalization of labeled murine L8A4 to 
the U87MGAEGFR cell line, which expresses the mutant EGFRvIII receptor. 
The labeled antibody was prepared either by direct lodogen labeling using ^^^I or 
using an oligopeptide (a-A^-Ac-D-Lys-D-Arg-D-Tyr-D-Arg-D-Arg, SEQ ID 
NO:3) which had been lodogen labeled with ^^^I on its D-Tyr residue and coupled 
to the antibody as described under Example 8. 

Figure 4 shows the time course of tumor uptake of radioiodine, expressed as 
the pecentage of the initial dose per gram of tumor. Murine L8A4 was labeled 
with ^^^I using the oligopeptide method and with *^^I using direct lodogen labeling. 
The experiment was performed in athymic mice bearing subcutaneous EGFRvIII- 
expressing, U87MGAEGFR human glioma xenografts. 

Figure 5 reveals the level of thyroid accumulation of radioiodine under 
conditions of the experiment depicted in Figure 3, Thyroid accumulation is an 
indicator of dehalogenation of radioiodinated compounds in vitro. 

Figure 6 presents the ratio of tumor-to-blood uptake of radioiodine under 
the conditions of the experiment depicted in Figure 3. 
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DETAILED DESCRIPTION OF THE INVENTION 

It is a discovery of the present invention that conjugation of radiolabels to 
ligands that bind to cell surface antigens via positively charged, proteolysis- 
resistant oligopeptides improves the effectiveness of radioimmunotherapy. 
5 Selective localization and retention of radiolabel within a class of target cells is 

increased using such oligopeptides. 

A label is covalently bound to an oligopeptide comprising at least one D- 
amino acid residue and at least one positively charged amino acid residue. The 
label can be directly covalently bound to the oligopeptide, or it can be covalently 

10 bound to a chemical moiety, which in turn is covalently bound to the oligopeptide. 

The oligopeptide is covalently bound to the ligand. 

A ligand, as the term is applied to this invention, is any molecule which 
specifically binds to a cell surface antigen. A cell surface antigen is any antigen or 
receptor on a cell surface that is internalized by the cell. Ligands can be 

15 internalized by the cell over seconds, minutes, hours, or days. Preferred ligands of 

the invention are internalized rapidly, /.e., most of the ligand is internalized after 
minutes to hours. A ligand is considered to bind specifically when it binds with an 
affinity constant of 10^ M"^ or more, preferably 10* M'^ or more. If the cell surface 
antigen is a receptor, then the receptor can be internalized either with or without a 

20 bound ligand. An example of an internalizing receptor is the epidermal growth 

factor receptor (EGFR), which is a cell surface antigen that is internalized by the 
process of receptor-mediated endocytosis. Antigens or receptors which are 
internalized by the cell can eventually become localized within endosomes or 
lysosomes. 

25 A ligand can be an antibody, a fragment of an antibody, or a synthetic 

peptide that binds specifically to a cell surface antigen. In a preferred embodiment 
the ligand is an internalizing antibody. Any antibody that specifically binds to a 
cell surface antigen and is internalized by the cell is an internalizing antibody. The 
antibody can be an immunoglobulin of any class, /.e., IgG, IgA, IgD, IgE, or IgM, 

30 and can be obtained by immunization of a mammal such as a mouse, rat, rabbit, 

goat, sheep, primate, human or other suitable species. The antibody can be 
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polyclonal, i.e., obtained from the serum (also called antiserum) of an animal 
immunized with a cell surface antigen or fragment thereof The antibody can also 
be monoclonal, /.e., formed by immunization of a manmial using the cell surface 
ligand or antigen or a fragment thereof, fusion of lymph or spleen cells from the 
5 immunized mammal with a myeloma cell line, and isolation of specific hybridoma 

clone, as is known in the art. Examples of internalizing monoclonal antibodies 
which are suitable for use in the invention include L8A4, YIO, and HIO (Reist et 
al., 1995). The antibody can also be a recombinant antibody, e.g,, a chimeric or 
interspecies antibody produced by recombinant DNA methods. A preferred 

10 internalizing antibody is a humanized antibody comprising human immunoglobulin 

constant regions together with murine variable regions which possess specificity 
for binding to a cell surface antigen {see, e.g., Reist et al,, 1997). If a fragment of 
an antibody is used, the fragment should be capable of specific binding to a cell 
surface antigen. The fragment can comprise, for example, at least a portion of an 

15 immunoglobulin light chain variable region and at least a portion of an 

immunoglobulin heavy chain variable region. A ligand can also be a synthetic 
polypeptide which specifically binds to a cell surface antigen. For example, the 
ligand can be a synthetic polypeptide comprising at least a portion of an 
immunoglobulin light chain variable region and at least a portion of an 

20 immunoglobulin heavy chain variable region, as described in U.S. Patent 

5,260,203 or as otherwise known in the art. 

The oligopeptide comprises at least one positively charged amino acid and 
at least one D-amino acid. The positively charged amino acid can be either a D- 
or an L-amino acid. Positively charged amino acids used in the oligopeptide are 

25 those which carry a net positive charge on their side chain at the pH of the 

extracellular medium (about 7 .4) or at the pH of the intracellular medium (about 
6 .8 - 7,2) or preferably at the pH of the lumenal contents of endosomes (about 5 - 
6) or lysosomes (about 5). Examples of such positively charged amino acids are 
histidine, more preferably lysine, and most preferably arginine. Amino acids 

30 having the D-stereoisomer configuration are preferred for use in the oligopeptide, 

although amino acids having the L-configuration can also be used. D-amino acids 
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render the oligopeptide more resistant to lysosomal proteases (Ehrenreich and 
Cohn et al., 1969), thereby improving retention of the label within the target cells 
and limiting release of the label and its subsequent reuptake by other cells. The 
oligopeptide does not contain two or more contiguous L-amino acids. In a 
preferred embodiment, if the oligopeptide comprises two or more L-amino acids, 
the L-amino acids are separated from one another by one or more positively 
charged amino acids. In another preferred embodiment, the oligopeptide 
comprises at least one D-Tyr residue. In yet another preferred embodiment, the 
oligopeptide comprises at least one D-Lys residue. 

Any label can be used which enables the cells that take up the composition 
to be detected or to be affected by the label For example, to enable detection of a 
group of target cells, the label can be fluorescent or radioactive. A fluorescent 
label or tag can also be used when specific target cells will be detected outside the 
body, i.e., ex vivo. Any fluorescent molecule can be used which is suitable for 
detection by standard methods, including, for example, fluorescence spectroscopy 
and fluorescence microscopy. A radioactive label or tag can be used when the 
cells will be detected inside or outside the body, i.e., in vivo or ex vivo. Detection 
can be performed by standard radiological methods, including, for example, 
scanning the body with a scintillation detector (radioscintigraphy) and positron 
emission tomography (PET) (see, e.g., Bradwell et al., 1985). For in vivo use the 
label should be a pharmacologically acceptable label and should be given in either 
diagnostically or therapeutically acceptable amounts. A therapeutically acceptable 
amount is an amount which, when given in one or more dosages, produces the 
desired therapeutic effect, e.g., shrinkage of a tumor, with a level of toxicity 
acceptable for clinical treatment. Both the dose of a particular composition and 
the means of administering the composition can be determined based on 
specific qualities of the composition, the condition, age, and weight of the 
patient, the progression of the particular disease being treated, and other 
relevant factors. If the composition contains antibodies, effective dosages of 
the composition are in the range of about 5 |j.g to about 50 ng/kg of patient 



body weight, about 50 ^ig to about 5 mg/kg, about 100 ^ig to about 500 |ig/kg 
of patient body weight, and about 200 to about 250 ^ig/kg. A diagnostically 
acceptable amount is an amount which permits detection of the label as required 
for diagnosis, with a level of toxicity acceptable for diagnosis. Radiolabels that 
are intended for the purpose of detecting target cells should preferably emit 
radiation that is detectable from outside the body, e,g,, gamma radiation, when 
given in diagnostically acceptable amounts. Such radiolabels include, but are not 
limited to, the radionuclides "'^Br, "Br, ^^I, '^'l, and "4. Radiolabels that 
are intended to diminish the growth of a tumor should preferably emit radiation 
which is absorbed within the tumor cell so as to damage the cell, for example by 
disrupting the cell's DNA, Such radiolabels preferably should cause minimal 
damage to neighboring healthy cells. Cell-disrupting radiolabels can, for example, 
emit alpha, beta, and/or gamma radiation. Such radiolabels include, but are not 
limited to, the radionuclides ^**F, "Br, ^*^Br, ^^Br, ^^I, '^X '^X ^""X and '^^At. 
Radiolabels can be covalently attached to the oligopeptide by any means known in 
the art, including iodination of a tyrosine residue {see, e.g., Fraker and Speck, 
1978), iododestannylation (Zalutsky and Narula, 1987), and astatodestannylation 
{see Example I and Foulon et al., 1998). 

The label can be a chemical moiety that is covalently attached to the 
oligopeptide. The chemical moiety has the structure of formula (II). For the 
chemical moiety in formula (II), X can be an amino group, a carboxyl group, or 
(CH2)nSH, wherein n is an integer from 0 to 10. Y can be C or N, and Z can be F, 
Br, I, At, or M(Alk)3, wherein M can be Si, Sn, or Hg, and wherein Alk is an alkyl 
group such as methyl, ethyl, propyl, butyl, pentyl, or hexyl. The chemical moiety 
can be a carboxylic acid compound attached to an amino group on the 
oligopeptide. Alternatively, the chemical moiety can be an amino compound 
attached to a carboxyl group on the oligopeptide. Preferred carboxylic acid 
compounds are, for example, 5-iodo-3-pyridinecarboxylate, 3-iodobenzoate, 
3-(tri-n-butylstannyl)benzoate, 5-(tri-n-butylstannyl)-3-pyridinecarboxylate, or 
5-astato-3-pyridinecarboxylate. The pyridinecarboxylate compounds are preferred 
because they are positively charged at lysosomal pH. D-Lys is prefered as an 
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amino acid for the oligopeptide in this composition, because the carboxylic acid 
compound can be attached via the e-amino group of Lys. A radionuclide, e.g.,**F, 
"Br, ^*Br, "Br, '^'l, and ^"At, can be incorporated into the 

carboxylic acid compound using methods available in the art. See Zalutsky and 
Narula (1987). 
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Compositions according to the invention can be used for internally labeling a 

10 cell. A label can be incorporated into a cell or group of cells by contacting the cell 

with a composition of the invention. As decribed in the foregoing paragraphs, a 
composition of the invention comprises a ligand that is covalently bound to an 
oligopeptide, that in turn is covalently bound to a label. The cell is contacted with 
the composition described above such that the label is internalized in the cell. The 

15 cell may be located within the body of a human or an animal, or it may be isolated 

from the body and contacted with the composition ex vivo. The composition may 
be contacted with the cell by any means compatible with the therapeutic or 
diagnostic requirements of the method. For example, the composition can be 
injected or infused into a patient or animal by an intravenous, subcutaneous, 

20 intramuscular, or intraperitoneal route. For in vitro application of the method, the 

composition can be added to the medium bathing the cell. Following 
internalization of the label, labeled cells can be detected using any of the methods 
described above. Contacting a cell with the composition means contacting the cell 
as often or as long as required for the purpose of analysis, diagnosis, or therapy. 

25 For example, the cell can be contacted with the composition at intervals of 

minutes, hours, days, weeks, months, or years. 
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Compounds suitable for coupling to a ligand that specifically binds to a cell 
surface antigen can comprise a molecule of formula (I): 

O 

II 

o 

The -NH- group represents the amino end and the -C-O- group represents the 
carboxyl end of the molecule. AA represents an amino acid and n is an integer 

10 having a value of at least 1 . is H or an amino protecting group and R2 is H or a 

carboxyl protecting group, with the proviso that = R2 = H is an unsatisfied 
condition for this molecule. Either R^ or R2 is H. At least one amino acid residue 
is a D-amino acid, and at least one amino acid residue is positively charged at 
lysosomal pH. The molecule does not comprise two or more contiguous L-amino 

15 acids. In a preferred embodiment, if two or more L-amino acids are used, they are 

separated from one another by one or more positively charged amino acid. The 
structure is sufficient to be coupled to a ligand at only one of its amino end or its 
carboxyl end. 

The compounds can be labeled in a number of ways. First, an amino acid in 
20 the oligopeptide, e.g., tyrosine, can be directly iodinated. Second, a chemical 

moiety of formula II can be coupled to a fi*ee amino or carboxyl group on an 
amino acid residue of the oligopeptide, for example to the e -amino group of D- 
Lys. Third, a chemical moiety of formula II can be coupled to the fi-ee amino or 
carboxyl end of the compound of formula I. Any method known in the art for 
25 labeling can be used. The label can be any of the labels described above. For 

example, the label can be a radionuclide selected fi-om the group ,^*F, ^^Br, ^^Br, 
''Br, '^I, ^'^I, '^X and "'^At, or the label can be a fluorescent label. The label 
can be added either before or after coupling the chemical moiety of formula (II) to 
the oligopeptide or either before or after coupling the oligopeptide to the ligand. 
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The compounds can be coupled with a ligand at either their amino or 
carboxyl end. In order to be so coupled, they must first be protected at whichever 
end will not be reacted with the ligand. Free amino or carboxyl groups can be 
protected with any appropriate protecting group. Amino groups can be protected 
by conversion to an amide (see, e.g., J. March, 1977 at p. 383); the corresponding 
protecting group would then be, e.g. , an alkylcarbonyl, arylcarbonyl, or 
aralkylcarbonyl group. Carboxyl groups can be protected by conversion to an 
ester (see, e.g., J. March, 1977, at p. 431); the corresponding protecting group 
would then be, e.g., an alkyl, aryl, aralkyl, or alkenyl group. Blocking groups can 
be added or removed by standard methods in the art. 

Internalizing mAbs 

Many of the knovm molecular targets for labeled mAbs are internalizing 
antigens and receptors. B-cell lymphoma (Press et al., 1994; Hansen et al., 1996), 
T-cell leukemia (Geissler et al., 1991) and neuroblastoma cells (Novak-Hofer et 
al., 1994) all possess antigens that are internalized rapidly. Clinical 
radioimmunotherapy trials with mAbs specific for these antigens are underway. 
Internalizing receptors have been used to target mAbs to tumors. These include 
wild-type epidermal growth factor receptor (EGFR; gliomas and squamous cell 
carcinoma; Brady et al., 1992; Baselga et al., 1994), the pl85 c-erbB-2 oncogene 
product (breast and ovarian carcinomas; De Santes et al. 1992; Xu et al., 1997), 
and the transferrin receptor (gliomas and other tumors; Laske et al., 1997). 
Indeed, it has been suggested that internalization can occur with virtually any mAb 
that binds to a cell-surface antigen (Mattes et al., 1994; Sharkey et al., 1997a). 

An advantage of mAb internalization for radioimmunotherapy is the 
potential for increasing the radiation absorbed dose delivered to the cell nucleus. 
Dosimetry calculations suggest that even with the multicellular range P-emitter 
^^^I, shifting the site of decay fi-om the cell membrane to cytoplasmic vesicles could 
increase the dose received by the cell nucleus by a factor of two (Daghighian et 
al., 1996). On the other hand, a disadvantage of mAb internalization is that this 
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event exposes the mAb to additional catabolic processes that can result in the 
release of radioactivity from the tumor cell. 

EGFRvin — A Tumor-Speciflc Target 

Over-expression of wild-type EGFR receptor occurs in a variety of cancers. 
However, EGFR is also present on many normal tissues, detracting from its merit 
for tumor targeting. In addition to causing overexpression, oncogenic 
transformation can also lead to re-arrangements of EGFR genes, including some 
which are characterized by deletion mutations in the receptor's extracellular 
domain (Wong et al., 1992). One of these, EGFRvIII, has an in-frame deletion of 
801 base pairs, resulting in the removal of NHj-terminal amino acids 6 to 273 and 
the generation of a novel glycine residue at the fusion point. This produces a 145- 
kDa mutant receptor, compared with 170 kDa for wild-type EGFR (Humphrey et 
al,, 1990). Expression of EGFRvIII has been reported on the majority of gliomas, 
medulloblastomas, breast and ovarian carcinomas, as well as 16% of small cell 
lung carcinomas (Garcia de Palazzo et al., 1993; Moscatello et al, 1995; 
Wikstrand et al, 1995). EGFRvIII has not been found on normal tissues, 
including those expressing wild-type EGFR. Because EGFRvIII is only expressed 
in cells undergoing malignant transformation, this molecule appears to be truly 
tumor specific and thus of great value for diagnostic and therapeutic applications. 
Quantitative flow cytometry of biopsies from glioma patients has revealed an 
average of 3 x 10^ to 7 x lo^ EGFRvIII receptors per cell (Wikstrand et al., 
1997), a level that should be more than suflRcient for tumor targeting. Antibodies 
that are specific for EGFRvIII were developed using a 14-mer peptide 
corresponding to the fijsion junction as the immunogen (Humphrey et al., 1990; 
Wikstrand et al, 1995). Several mAbs, including L8A4, YIO, and HIO, have 
aflBnity constants (KJ for binding to EGFRvIII-positive HC2 20 d2 cells of 
between 1.3 x lO^ and 2.5 x lo^ M'^ after radioiodination (Reist et al., 1995). 

The murine anti-EGFRvIII mAb L8A4 IgGl was developed using protocols 
involving immunization of BALB/c mice with a synthetic peptide representing the 
unique EGFRvIII sequence as well as EGFRvIII-positive HC2 20 d2 cells 
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(Wikstrand et al., 1995). This mAb specifically precipitates mutant 145-kDa 
EGFRvIII but not wild-type 170 kDa EGFR, and is internalized into 
EGFRvIII-expressing cells within 5 min of binding to the receptor (Reist et al., 
1995). The affinity constant for murine L8A4 binding to the neoepitope of 
5 EGFRvIII, determined by surface plasmon resonance, is2.0± 1.0 x 10^ M"^ (Reist 

et al., 1997). Single chain F^ (scFJ constructs based on the L8A4 variable region 
can also be used instead of the whole L8 A4 antibody. An scF^ monomer was 
labeled with SIPC and found to have a of 1.5 x 10* M'^ and an immunoreactive 
fi-action of 65-80%. Multivalent constructs have been created by varying the 
10 length of the linker between the and domains; with a 5 amino acid linker, a 

dimer has been generated with a of 5.5 x 10^ M'^ measured by surface plasmon 
resonance. 

Chimeric Antibodies 

Repeated doses of murine antibodies in humans as required for optimal 

15 therapeutic efficacy lead to the development of human anti-mouse antibody 

responses (Tjandra et al., 1990) which may cause allergic reactions or inhibit 
targeting of the murine antibody to the tumor. This problem can be addressed by 
producing human/murine recombinant antibodies (also called humanized 
antibodies), which contain the tumor-specific murine variable regions linked to a 

20 human immunoglobulin constant region. A chimeric recombinant version of L8A4 

(chL8A4) was produced, which possesses the anti-EGFRvIII specificity of the 
murine L8 A4 antibody together with the constant domains of human IgG2 (for 
details of the generation of chL8A4 see Reist et al., 1997, and references therein). 
Human IgG2 has a low affinity for F^ receptors; the use of its constant regions thus 

25 minimizes non-specific uptake. After labeling with ^^'l- or ^^^I-SIPC, the tumor 

uptake properties of ch L8A4 were similar to those of murine L8A4. However, 
normal tissue uptake was increased by 2-fold at 72-120 hours (Reist et al,, 1997), 
suggesting some difFemeces in processing and normal tissue uptake compared to 
the murine antibody. Further details on the production of chimeric antibodies by 

30 recombination methods can be found in Hoogenboom et al., 1996, U.S. Patent 
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5,565,332. 

Catabolism of Labeled mAbs 

A number of groups have demonstrated that the catabolism of labeled mAbs 
and fragments is a complex process, resulting in the generation of multiple labeled 
5 catabolites (Garg et al., 1995; Rogers et al., 1996; Wu et al., 1997). With 

radioiodinated mAbs, an important consideration is the extent of dehalogenation 
which occurs in v/vo, a phenomenon generally believed to be mediated by the 
enzymes normally involved in thyroid hormone metabolism. The liver, kidney, 
thyroid and other normal tissues possess multiple deiodinases of varying specificity 

10 for iodotyrosines and iodothyronines (Leonard and Rosenbert, 1977; Visser et al., 

1988; Boye and Laurberg, 1984). Of potential relevance to the treatment of CNS 
tumors is the fact that thyroid hormone deiodinases also have been found in both 
human normal brain (Campos-Barros et al., 1996) and brain tumors (Mori et al., 
1993). Proteases also can play a role in the degradation of labeled mAbs. The 

15 properties of the mAb constant region may influence its resistance to proteolysis 

and the nature of the catabolites that are generated. Accelerated proteolytic 
degradation of mAbs could occur in tumors due to the actions of the proteases 
involved in metastatic invasion (Liotta and Kohn, 1997). For example, cathepsin 
B is expressed in human gliomas at levels that appear to correlate with the degree 

20 of malignancy (Rempel et al., 1994; Mikkelsen et al., 1995; Sivaparvathi et al., 

1995), This protease has a broad substrate specificity and has been shown to 
cleave peptide bonds in mAb conjugates (Li and Meares, 1993). 

Internalization of mAbs creates an additional problem fi-om a labeling 
perspective because it generally results in exposure of the labeled mAb to the 

25 numerous proteases found in lysosomes. Lysosomal degradation of a variety of 

mAbs labeled using conventional radioiodination methods has been characterized 
by the rapid release of radioiodine fi-om the tumor cell in vitro, primarily as 
iodotyrosine (Geissler et al., 1991, 1992; Novak-Hofer et al., 1995; Press et al., 
1996; Reist et al., 1996), and poor retention of radioactivity in tumor xenografts 

30 in vivo (van der Jagt et al., 1992; Reist et al., 1995; Sharkey et al., 1997a). The 
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development of better methods for labeling internalizing mAbs requires an 
appreciation of the labeled catabolites created in the lysosomal compartment, and 
the ability of these labeled molecules to traverse the lysosomal membrane. 

Nuclide Selection 

Many ongoing clinical protocols involve administration of ^^^I-labeled mAbs 
directly into spontaneous cystic gliomas and surgically-created glioma resection 
cavities, and via the intrathecal route for neoplastic meningitis (Brown et al., 1996; 
Signer et al., 1995, 1998). The presence of minimal residual disease makes these 
settings favorable for radioimmunotherapy (Sautter-Bihl et al., 1996) by 
minimizing the impact of non-uniformities in antigen expression, blood flow, 
permeability and interstitial pressure, as well as the binding site barrier, on tumor 
dose heterogeneity (Jain, 1996; Zhu et al., 1997). Because of their short range in 
tissue, the low-energy p-particles of and the a-particles of ^^^At should be 
well-matched to therapeutic applications such as these which involve small tumor 
foci, thin sheets of compartmental tumor, and free-floating tumor cells. Although 
higher-energy P-emitters such as are attractive for other therapeutic 
applications, ^^^I should be more useful for treating micrometastases because it can 
deposit a higher fraction of its decay energy within the tumor (O'Donoghue et al., 
1995; O'Donoghue, 1996; Nahum, 1996). 

Initial diagnostic and therapeutic clinical trials with labeled mAbs were 
performed with ^^*L Since then, methods have been developed for labeling mAbs 
with many other nuclides. Nevertheless, most clinical radioimmunotherapy trials 
still use ^^^I, and a strong rationale exists for continuing to do so. Even though its 
364-keV y ray is not ideal for imaging, it permits direct monitoring of the 
pharmacokinetics of an ^^^I-labeled mAb therapy dose, which provides valuable 
information concerning patient-specific dosimetry (Brown et al., 1996). 
Furthermore, better methods for imaging therapeutic levels of in tumors are 
being developed (Smith et al., 1997a, 1997b). Other radioiodine nuclides are 
better suited for imaging. Particularly for quantitative applications, ^^I is a more 
attractive nuclide for imaging mAbs via SPECT (Buchegger et al., 1995). SPECT 
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imaging was performed following intravenous administration of ^^I-labeled 81C6 
to determine the effect of mAb protein dose on tumor-to-normal tissue ratios 
(Schold et al., 1993). Iodine- 124 can be used for combining 
radioimmunoscintigraphy with PET (Arbit et al., 1995). The availability of 
multiple radioiodine nuclides emitting y rays suitable for external detection is a 
major advantage not only for clinical applications but for preclinical studies as 
well. Paired-label experiments using and ^^^I-labeled mAbs (see Examples 2- 
4) can directly compare different labeling methods or mAbs in the same animals, 
and thereby factor out differences in antigen expression, tumor size, 
hemodynamics, and catabolic rate that can exist among groups of animals. 

Astatine-21 1 generally has been considered to be the most promising a- 
emitter for radioimmunotherapy. In most settings, its 7.2-hr half life is more 
compatible with the pharmacokinetics of mAbs and mAb fragments than the 
alternative a-emitters ^^^Bi (61 min) and ^^^Bi (47 min). Each decay of ^^^At 
produces an a-particle of 5.87 to 7.45 MeV, with no accompanying p-emissions. 
A fortuitous consequence of the electron capture decay branch of ^^^At is the 
emission of 77-92-keV polonium K x-rays which are of sufficient energy to permit 
gamma counting and extemalimaging of ^^^At distributions by planar methods and 
SPECT (Turkington et al., 1993; Johnson et al,, 1995). A significant problem that 
has hindered the clinical investigation of ^^^At-labeled mAbs has been the reliable 
availability of suflRcient activity levels of ^^^At. Using newly-developed internal 
cyclotron targets, more than 40 mCi/hr ^^^At can now be produced (Larsen et al., 
1996; Schwarz et al., 1998), permitting the preparation of sufficient levels of ^^^At 
to permit clinical studies with ^"At-labeled mAbs. The a-particles of ^^^At have a 
range of 55-70 ^m in tissue, a characteristic that is well-matched to the treatment 
of compartmental-spread cancers including neoplastic meningitis, micrometastatic 
disease, and tumors in the circulation such as lymphomas. 

Methods for Labeling mAbs with Radioiodine and ^^^At 

Proteins labeled using direct iodination approaches frequently undergo rapid 
loss of label in vivo. Those methods primarily generate labeled tyrosine residues, 
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resulting in the recognition of these iodotyrosines by the deiodinases normally 
involved in thyroid hormone metabolism. The chemical moieties of formula (II) 
can be used to circumvent this problem. For example, the reagent A^-succinimidyl 
3-iodobenzoate (SIB) can be synthesized in high yield via iododestannylation 
5 (Zalutsky and Narula, 1987). SEB exploits the rapid elimination of iodobenzoate 

catabolites from the body, reducing less uptake of radioactivity by normal tissues 
compared with iodide (Zalutsky and Narula, 1988). The related moiety A^- 
succinimidyl 3-[^^^At]astatobenzoate (SAB) can be prepared in a similar manner. 
When proteins are labeled with ^^^At using direct electrophilic substitution 

10 methods, rapid dehalogenation occurs, even under in vitro conditions (Aaij et al., 

1975). Using SAB, it has been possible to label mAbs with retention of their 
tumor localizing capacity (Zalutsky et al., 1989b). 

SIB and SAB can be used to directly radiohalogenate a ligand such as a 
mAb. While direct radiohalogenation using SIB or SAB decrease deiodination, 

15 they do not prevent loss of label from tumor cells after mAb internalization (Reist 

et al., 1996). The most widely investigated strategy for labeling internalizing 
mAbs attempts to exploit the resistance of certain oligosaccharides to degradation 
by lysosomal hydrolases (Thorpe et al., 1993). Preclinical evaluations have been 
reported with mAbs labeled using tyramine conjugates of cellobiose (TCB) (Ali et 

20 al., 1990; Reist et al., 1995), inulin (Thorpe et al., 1993) and dilactitol (Stein et al., 

1995, 1997). Compared with other iodination methods, use of these conjugates 
for labeling internalizing mAbs generally increased the retention of radioiodine in 
tumor cells in vitro and in tumor xenografts in vivo. Unfortunately, the translation 
of these labeling methods into the clinical domain has been hindered by a number 

25 of problems, including mAb crosslinking and aggregation, compromised 

immunoreactivity, diminished specificity in tumor targeting, low conjugation 
efficiencies and specific activities, and increased retention in normal tissues such as 
liver, spleen, and kidneys (Pittman et al., 1983; Ali et al., 1990; Reist et al., 1995; 
Press et al., 1996; Stein et al., 1995, 1997). 

30 An alternative strategy for labeling internalizing mAbs involves the coupling 

of a labeled prosthetic group to the mAb that is positively charged at lysosomal 
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pH. Positively charged molecules such as Neutral Red and choroquine are avidly 
accumulated by lysosomes (Holtzman, 1989). Thus, if the labeled catabolites 
created during mAb proteolytic degradation are positively charged at lysosomal 
pH, then they also should be retained within the lysosome. In order to apply this 
5 strategy, two positively charged chemical moieties, succinimidyl-iodo-pyridine 

carboxylate (SIPC) and succinimidyl-astato-pyridine carboxylate (SAPC), were 
developed (Garg et al., 1991, 1993). The use of SIPC for labeling mAb L8A4 
resulted in significantly increased intracellular retention of radioactivity compared 
with other methods, with a concomitant decrease in radioactivity released from the 
10 cell (see Example 1). This verified that a positively charged radiohalogen label 

linked to an appropriate mAb has superior retention and resistance to degradation 
compared with labels that are not positively charged. 



D-Amino-Acid Linkers 

The proteolytic degradation of proteins in lysosomes results in rapid release 
15 of constituent L-amino acids from the cell (Reijngoud and Tager, 1977). This 

presumably accounts for the release of monoiodotyrosine fi-om tumor cells 
following the internalization of mAbs that have been labeled by conventional 
methods (Geissler et al., 1991). D-amino acids are not natural substrates for 
endogenous enzymes (Milton et al, 1992), including those present in lysosomes 
20 (Ehrenreich and Cohn, 1969). This invention utilizes one or more D-amino acids 

in an oligopeptide linker between the mAb and the labeled prosthetic group, which 
enhances the trapping of radioactivity inside the tumor cell following mAb 
internalization. 

The studies of Ehrenreich and Cohn (1969) offer some guidance as to the 
25 nature of the D-amino acid linker. Following endocytic uptake in lysosomes, a 

charged dipeptide and a neutral tripeptide were trapped, while 6 neutral dipeptides 
were not. Therefore, in order to maximize retention in lysosomes, the peptide 
linker should contain multiple positively charged amino acids, preferably coupled 
to positively charged SIPC or SAPC. 
30 Schemes for preparing two preferred embodiments are shown in Figures 1 A 
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and IB. In Figure 1 A, the N-terminal protected tetrapeptide 
a-N-Ac-D-Lys-D-Arg-D-Arg-D-Arg (SEQ ID NO: 1), which can be obtained 
from a custom synthesis laboratory is labeled by reaction with SIPC in the 
presence of triethylamine and DMF using conditions previously described (Garg et 
5 al., 1996: Vaidyanathan and Zalutsky, 1997). Arginine was selected for this 

purpose because its side chain is the most basic (pKa =13.2) of the naturally 
occurring amino acids. The labeled peptide is then coupled to the mAb using 
water-soluble l-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and sulfo 
N-hydroxysuccinimide in 4-morpholinoethanesulfonic acid buffer (MES), pH 

10 4.5-5 (Staros et al., 1986; Gilles et al., 1990). The terminal amino group can be 

left in the protected form and should be cleaved in vivo. 

An alternative procedure involves adding a D-Tyr to the A^-terminal of the 
peptide and labeling the peptide directly using lodogen (Figure IB). In this case, 
the A^-terminal protected peptide might consist of, e,g, , 

15 a-N-Ac-D-Tyr-D-Arg-D-Arg-D-Arg (SEQ ID NO:2). Monoiodo-D-tyrosine is 

more stable to deiodination in vivo than its L enantiomer (Kawai et al., 1990). 
This is probably related to stereospecific deiodinase recognition (Dumas et al., 
1973). Nonetheless, SEPC and SIB are even more resistant to deiodination, 
rendering the D-Tyr peptide less useful despite its potential convenience. 

20 The above disclosure generally describes the present invention. A more 

complete understanding can be obtained by reference to the following specific 
examples, which are provided herein for purposes of illustration only and are not 
intended to limit the scope of the invention. 

EXAMPLE 1 

25 Labeling mAbs using A^-Succinimidyl 5-Halo-3-Pyridinecarboxylates 

Preparation of SIPC, STPC is synthesized in 3 steps from 
5-bromonicotinic acid as described (Garg et al., 1991) and used as the precursor 
for the preparation of SIPC and SAPC. Although published methods for labeling 
SIPC have been effective, they involve relatively high levels of tin precursor, a 

30 60-65°C reaction temperature, and HPLC purification. These features may be less 
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than ideal for higher activity level preparations, particularly those intended for 
clinical use. Usisng a new procedure, radioiodination of SIPC can be 
accomplished at room temperature in greater than 80% yield using considerably 
less STPC. In this new procedure, 10 jig STPC in 10 ^l CHCI3 is added to a glass 
5 vial, and 2 ^il of 1 N HCl, sodium [^^4]iodide, and 20 |il of A^-chlorosuccinimide (2 

mg/ml in CHCI3) are added. The mixture is vortexed and reacted for 30 min. 
After addition of 100 ^il of CHCI3, [^^^I]SIPC is purified by HPLC using a silica 
column eluted with hexane:ethyl acetate:AcOH (65:35:2). 

Production of astatine-211. Astatine-21 1 can be produced on a cyclotron 

10 by bombarding natural bismuth metal targets with 28-MeV a-particles via the 

^*^i(a,2n)^^^At reaction. An internal target system specifically designed for ^*^At 
production has been described in detail in a recent publication (Larsen et al., 
1996). Design features of this target that have permitted the production of high 
levels of ^^*At include a curved target face, small grazing angles, and electrically 

15 isolated graphite leading- and trailing-edge monitors for continuous beam current 

monitoring. It has been possible to use high cyclotron beam currents without 
excessive local heat deposition, which would cause loss of ^^^At from the target. 
Using this target, ^^^At production efficiency has been about 1 mCi per |iA-hr, a 
level considerably higher than those obtained with an external target. Beam 

20 currents of 75 ^A or more have been used routinely. A dry distillation procedure 

can be used to separate ^*^At from the cyclotron target, and the ^*^At can be 
trapped >50% yield in small volumes of NaOH, CHCI3, or other solvents (Larsen 
et al., 1996). Using this method, ^^^At can be produced at levels that are sufficient 
to permit the clinical use of ^^^At-labeled radiopharmaceuticals. 

25 Preparation of SAPC This procedure was described in a recent publication 

(Foulon et al., 1998). 20 ^1 of 0.01 N NaOH is added to a vial containing the 
^^^At activity (1 mCi in 50 |il CHCI3), and after vortexing gently, the organic layer 
is evaporated under a stream of nitrogen. The activity is transferred to a second 
vial and the pH of the solution adjusted to <5 by the addition of acetic 

30 acid: chloroform, 5:95. A^-chlorosuccinimide (10 jil, 13.3 mg/ml in CHCI3) and 

STPC (500 fig in 10 |il CHCI3) are added and the reaction allowed to proceed at 
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65°C for 5 min. SAPC is purified by HPLC using the same system as described 
for SIPC. Yields for SAPC have been variable. Important factors to optimize 
include levels of tin precursor, reaction time and temperature, oxidant, and 
solvent. The latter variable appears to be particularly important; SAPC was 
5 obtained in 70% yield when labeling was performed in a mixture of 

dichloromethane and THF. 

Coupling SIPC and SAPC to mAbs. The organic solvent is evaporated 
from the HPLC fractions containing SIPC or SAPC, and the residue is transferred 
to a small glass vial and evaporated to dryness with a stream of nitrogen. The 
10 mAb in pH 8.5 borate buffer is added, and the mixture is incubated on a rotary 

shaker for 15 min. The reaction is terminated by the addition of 0.3 ml 0.2 M 
glycine. The labeled mAb is purified using a 1 x 10-cm Sephadex G-25 column. 
At MAb concentrations of 3 mg/ml, coupling efficiencies of 70% are obtained 
routinely. 



15 EXAMPLE 2 

Evaluation of mAb after Labeling 

HPLC An aliquot of labeled mAb is analyzed by size-exclusion HPLC on a 
TSK3000 column to determine the percentage of radioactivity present as 
aggregates, monomeric IgG and low molecular weight impurities. 

20 Imntunoreactive fraction. For anti-EGFRvIII mAbs, homogenates of 

EGFRvIII-positive tumor xenograft (U87MGAEGFR or HC2 20 d2) and 
EGFRvIII-negative normal rat brain are stored at -135°C until needed. About 5 
ng of labeled mAb is incubated overnight at 4°C in triplicate with 100, 300, and 
500 mg of each homogenate, and then washed 3 times with ice-cold 1% bovine 

25 serum albumin (BSA) in phosphate buffered saline (PBS). Immunoreactive 

fractions are calculated according to the 
method of Lindmo et al. (1984). 

Affinity constant Scatchard analysis is used to measure both the binding 
affinity of mAbs after labeling and the average number of receptors/cell. At least 

30 10 serial dilutions of labeled mAb (10 ng/ml to 10 ng/ml) are incubated at 4°C 

21 




overnight in quadruplicate with 1x10^ EGFRvIII-expressing U87MGAEGFR cells 
or NIH 3T3 receptor-negative control cells. Cells are pelleted, washed three times 
with 1% BSA/PBS, and cell-associated activity is counted in an automated gamma 
counter. Data are analyzed using the RADLIG radioligand binding program 
5 (Biosoftj Ferguson, MO). 

Internalization and cellular processing. Radiolabeled mAbs are incubated 
v^th U87MGAEGFR cells in antibody excess (3 mg/10* cells) for 1 hr at 4°C, and 
unbound mAb is removed by washing with 1% BSA/PBS. The temperature is 
adjusted to 37°C, and aliquots are removed for analysis after 0, 1,2, 4, 8, and 20 

10 hr. Cells are pelleted, and the culture supernatant saved for counting. Cells are 

washed tv^ce with Zinc Option media (pH 2) to determine surface-bound activity. 
Protein-associated activity in the culture supernatant is determined by precipitation 
with 12.5% TCA, or for experiments involving ^^^At, methanol. Cell-internalized, 
cell-surface, supernatant protein-associated, and supernatant non-protein 

15 associated activity are plotted as a function of time (Reist et al., 1995). 25 mM 

choroquine can be included in the incubation medium to study the effect of 
inhibiting lysosomal function on the cellular processing of labeled anti-EGFRvIII 
mAbs (Press et al., 1990). 

EXAMPLE 3 

20 Evaluation of Cytotoxicity In Vitro 

The cytotoxicity of internalized mAbs labeled with P- and a-emitters can be 
evaluated in vitro. Dosimetry calculations suggest that the cytotoxicity of Auger 
electrons, a-particles and P-particles emitted fi-om intracellular sites of decay are 
higher than for those occurring on the cell membrane, and in vitro experimental 

25 data obtained with an ^^^I-labeled mAb are consistent with this prediction (Goddu 

et al., 1994; Daghighian et al., 1996). The cytotoxicity of labeled mAbs and other 
compounds for tumor cells has been investigated under single-cell conditions 
(Strickland et al., 1994), as microcolonies (Larsen et al., 1998) and in spheroids 
(Haucket al., 1998). 
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The proliferative capacity of EGFRvIII-positive cells can be determined 
using a limiting dilution clonogenic assay. Using this assay format, the 
cytotoxicity of m-[^^^At]astatobenzylguanidine was assessed down to a survival 
fraction of about 10"' (Strickland et al., 1994). The preferred cell line is 
5 U87MGAEGFR, because it is currently the primary line utilized for the generation 

of EGFRvIII-positive xenografts in vivo. However, other EGFRvIII-expressing 
lines such as HC2 20 d2, NR6M and Dl 105 can also be studied because they 
differ with regard to the rate and extent to which they internalize anti-EGFRvIII 
mAbs (Reist et al., 1997). In this assay, cells in exponential growth are 

10 mechanically harvested, counted in a hemocytometer, and incubated with varying 

activity concentrations of labeled mAb for 30 min on a rotating shaker at 37°C. A 
cell density of about 1x10* cells/ml is used to minimize nonspecific killing fi-om 
unbound activity in the medium. As a nonspecific control, incubations are 
performed in which at least a 100-fold excess of unlabeled mAb have been added 

15 to the cells. Following incubation, cells are centrifiiged at 100 g for 10 min and 

the supernatant is aspirated. The cell pellet is resuspended, the wash procedure is 
repeated, and the cells are resuspended at a concentration of 10* cells/ml in Zinc 
Option minimal essential medium supplemented vwth 15% fetal calf serum. The 
cells are then passed through 9 fivefold serial dilutions resulting in final cell 

20 concentrations ranging from 10' to 0.256 cells plated per well. A total of six 

replicate wells for each cell concentration are made in low-evaporation, 
tissue-culture treated, polystyrene 96-well plates. After a 12-day incubation at 
37°C in a humidified incubator, the wells of each plate are scored as either growth 
positive or growth negative based on the presence or absence of at least one clonal 

25 colony of 30 or more cells. The mean of the dose response function for each 

therapy and the estimated number of clonogenic units per ml are calculated using a 
Spearman estimate (Johnson and Brown, 1961). The clonogenic response of each 
treatment group, expressed as a percentage of two untreated controls, is then 
plotted against the mean activity added per ml. In parallel, the uptake and 

30 retention of radioactivity by the target cells in both the cell-surface and 

intracellular compartments are measured to permit calculation of dosimetry, and to 
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study the potential effect of internalization on cytotoxicity. The sites of 
intracellular localization are documented by immunofluorescence microscopy 
(Reist et al., 1995). 



EXAMPLE 4 

5 Evaluation of Therapeutic EfTicacy in Xenograft Models 

Prior to initiation of therapy studies in tumor-bearing animals, the maximum 
tolerated dose (MTD) and LD^o (dose lethal to 10% of animals) are determined. 
Normal athymic mice or rats are given either saline or half-log increments of 
labeled mAb and then followed for weight loss, neurological symptoms and death. 

10 The mean weight is monitored daily and the animals are autopsied within 12 hr of 

death to look for histological evidence of normal organ toxicity. Radiotherapy 
studies in tumor-bearing animals are performed at 80% of the MTD. 

Subcutaneous xenografts. These studies can be performed using protocols 
described previously (Schuster et al., 1991). Mice with progressively growing 

15 U87MGAEGFR subcutaneous xenografts are randomly assigned into groups of 10 

animals when tumors have reached 150-200 mm^. Groups of 10 animals are 
administered either saline, unlabeled L8A4, or two activity levels of labeled L8A4 
and P3X63 Ag8 nonspecific control mAb. Response is evaluated in terms of 
growth delay and tumor regression. Growth delay is defined as the difference in 

20 days between when the treatment and control groups reach 1000, 2000, 3000, 

4000 and 5000 mm^. Tumor regression is defined as two consecutive volume 
measurements less than the tumor volume on the day of treatment. Statistical 
significance is determined using the Wilcoxon rank sum test. For radiation 
absorbed dose calculations, tissue distributions are measured in parallel groups of 

25 5 animals receiving therapeutic doses of labeled mAbs. These studies are 

necessary because trace-level mAb distribution studies can underestimate radiation 
dose received by tumor due to rapid xenograft growth (Lee et al., 1988). Based 
on the results of single-dose trials, multi-dose therapeutic regimens can be 
investigated as described (Colapinto et al, 1990). 

30 Intracranial xenografts. The protocol followed is similar to that reported 
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previously (Colapinto et al., 1990). On the day prior to treatment, the animals are 
randomized according to body weight, and 10 mice are used per treatment group. 
Five additional mice are killed on the day of treatment to confirm the existence of 
tumors and to determine the average tumor volume present at the initiation of 
5 therapy. Experiments are begun when tumor size is 15-20 mm^. The animals are 

kept in individual cages in a lead- shielded room and are checked twice a day for 
survival. Animals are examined at death to confirm the presence of an intracranial 
tumor. Therapeutic response is evaluated as survival prolongation using the 
product-limit estimator of Kaplan and Meier (1958). 

10 Neoplastic meningitis. These studies can be performed in an athymic rat 

model of neoplastic meningitis using protocols similar to those described in a 
recent publication (Zalutsky et al., 1994). Subarachnoid catheters are placed in 
female, BIG:NIMR-mu[SPF] athymic rats weighing 200-250 mg (Fuchs et al, 
1990). Animals are anesthetized with ketamine/xylazine and placed in a 

15 stereotactic fi-ame. A midline sagittal incision is made fi-om the inion to the 

laminal arch of CI, the atlanto-occipital membrane is exposed, and the outer 
membrane and underlying cistema magna dura are opened under magnification 
using an operating microscope. A PE-10 catheter is inserted into the 
subarachnoid space and passed along the posterior aspect of the spinal cord to the 

20 lumbar region. After the catheter is fixed in place with dental epoxy, it is passed 

through the skin lateral to the incision and the wound is closed. Animals are 
allowed to recover and only those exhibiting normal motor and sensory function 
are used. Neoplastic meningitis is induced by injecting 5x10^ U87MGAEGFR 
cells in 40 |al through the catheter with a Hamilton syringe and therapy studies are 

25 initiated 5-8 days later. Groups of 10 animals receive either graded doses of 

labeled mAbs or controls. Therapeutic response is assessed as survival 
prolongation using the product-limit estimator of Kaplan and Meier (1958). After 
death, the spinal column and skull are removed intact and processed for histology 
as described (Zalutsky et al., 1994). 



25 




EXAMPLE 5 

Quantitative Autoradiography and Radiation Dosimetry 

Quantitative Autoradiography (QAR). QAR is used to assess the regional 
distribution of radioactivity within tumor and adjacent normal tissue. We have 
5 used QAR to study the heterogeneity of murine 81C6 delivery in intracranial and 

subcutaneous D-54 MG xenografts (Blasberg et al., 1987), as well as to 
investigate the effects of tumor-localized hyperthermia on the homogeneity of 
mAb deposition in subcutaneous xenografts (Zaiutsky et al., 1996). QAR is 
performed in single-label format with animals receiving either ^^^I- or ^^^At-labeled 

10 mAb. At time intervals selected based on the tissue distribution studies, animals 

are killed and tumors are removed and snap-fi^ozen in liquid nitrogen. Tumors are 
mounted on planchettes in M-1 mounting medium and 20 |j,m sections are step cut 
on a cryomicrotome at -20°C. Sections are placed on glass slides, dried on a slide 
warmer at 65°C and placed in film cassettes for an exposure period appropriate for 

15 the activity level in the section. After developing the film, the sections are stained 

with hematoxylin and eosin, and a digital image is generated for alignment with 
the autoradiographic image. The activity concentration in the autoradiograph 
regions is quantified by comparison with standards which are prepared by adding 
known amounts of ^^^I or ^^^At to rat brain homogenate which is fi-ozen and 

20 treated identically to the tumor samples. Image analysis can be performed using 

an Amersham RAS R-1000 system and the in situ grain image analysis program 
obtained fi-om Loats Associates. Depending on the spacial resolution required, 
image analysis can also be performed using a Storm 860 Phosphoimager. 

Radiation Absorbed Dose Calculations. A modified MIRD approach can 

25 be used in which a uniform distribution of radioactivity in tumor is assumed. As 

suggested in a recent review of P-particle dosimetry in experimental tumors 
(Leichner and Kwok, 1993), the effect of 3-particle absorbed fi-action, particularly 
in smaller tumors, and heterogeneous source distribution within the tumor, which 
can be assessed by QAR, should be considered. Calculations for ^^^At-labeled 

30 mAbs can be done as described (Zaiutsky et al., 1997). However, because of the 

stochastic fluctuation of dose in small target volumes, a realistic assessment of 
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^"At radiation absorbed dose requires microdosimetric-level calculations (Humm 
et al., 1993). A method for calculating the small-scale dosimetry of ^"At using 
chord-length distributions obtained from digitized histological images has recently 
been described (Akabani and Zalutsky, 1997). 

5 EXAMPLE 6 

Internalization and Retention of Mab L8A4 Labeled with ^^^I or ^^^I Using 
SIPC 

SIPC was labeled with ^^^I or ^^^I via iododestannylation of STPC using 
A^-chlorosuccinimide as the oxidant (Garg et al., 1991). After a 5-min reaction at 

10 60-65°C and HPLC purification, the product was obtained in 60-80% yield. The 

efficiency for labeling mAb L8A4 by reaction with SIPC was 52-71% (Reist et al, 
1996), values nearly twice those obtained for the conjugation of TCB to this mAb 
Reist et al., 1995). No evidence of protein aggregation was observed by 
size-exclusion HPLC for L8A4 labeled using SIPC, while 10-20% of the 

15 radioiodine was present as aggregates in most of the TCB preparations. 

Immunoreactive fractions for L8 A4 labeled using SIPC were higher than those 
obtained when this mAb was labeled using either lodogen or TCB. In vitro assays 
were performed to compare the internalization and cellular processing of L8A4 
labeled using lodogen, SIPC and SIB (a reagent which like SIPC, minimizes mAb 

20 deiodination, but unlike SIPC, is not positively charged). Use of SIPC for labeling 

L8A4 resuhed in significantly increased intracellular retention of radioactivity 
compared with other methods, with a concomitant decrease in supernatant counts. 
For example, after a 4 hr incubation at 37°C, the intracellular compartment had 
24.0 ± 0.9% of the activity for mAb labeled using SIPC compared with 13.2 ± 

25 0.5% with SIB, while 12.2 ± 0.3% (SIPC) and 36.1 ± 1.6% (SIB) of the activity 

was found in the cell culture supernatant (Figure 2). The results suggest that the 
enhanced cellular retention for mAb labeled using SIPC is not related to decreased 
deiodination. 
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EXAMPLE 7 

Internalization, Retention, and Tissue Distribution of L8A4 Labeled with 
"*At Using SAPC 

A^-succinimidyl 5-p^^At]astato-3-pyridinecarboxylate (SAPC) was 
synthesized from STPC using A^-chlorosuccinimide as the oxidant. The efficiency 
for labeling L8A4 with SAPC was identical to that observed with SIPC. For 
^^^At-labeled L8A4, immunoreactive fractions were 69-89% and the affinity (K^ 
for binding to the U87MGAEGFR cell line was (9.7 ± 1 .3) x io« M ^ 
Internalization and processing assays were performed as described for 
radioiodinated mAbs except that protein-associated activity for ^^^At was 
measured using methanol rather than TCA precipitation because we found that 
98% of free [^^^At]astatide was precipitated in the TCA assay. Comparable levels 
of intracellular counts were seen for ^^^At- and ^^^I-labeled L8A4 at early time 
points, but there were higher levels of methanol-soluble cell culture supernatant 
activity for ^^^At, suggesting a more rapid release of ^^^At-labeled catabolites. The 
tissue distribution of ^"At- and ^^^I-labeled L8A4 was evaluated in athymic mice 
bearing subcutaneous U87MGAEGFR xenografts. Both nuclides maintained 
constant tumor levels over the 6 to 24 hr experimental period, with slightly higher 
uptake observed for ^"At C^^At, 21.6 ± 2.7% ID/g; 18.7 ± 2.4% JD/g at 12 
hr). Levels of ^^^At were somewhat higher than ^^^I in spleen, lungs and stomach, 
tissues known to accumulate p^^At]astatide (Garg et al., 1990). 

EXAMPLE 8 

In Vitro Binding and Internalization of mAbs Labeled With a Positively 
Charged D-Amino Acid Linker 

- > ^ A paired-label in vitro assay was performed to compare the internalization 
^■4nd cellule** processing of nxAb L8A4 labeled with using lodogen and 
using the oligopeptide linker method of this invention. Monoclonal antibody 
L8A4 was labeled using the oligopeptide linker as follows. The peptide a-N-Ac- 
D-Lys-D-Arg-D-Tyr-D-Arg-D-Arg (KRYRR) was obtained from a custom 
synthesis laboratory and labeled with ^^^I using the lodogen method. Reverse- 
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phase HPLC was used to isolated ^^'I-labeled KRYRR in >97% yield, and the 
labeled peptide was activated by reactions with sulfo-SMCC at room temperature 
for 30 min. Murine anti-EGFRvIII mAb L8A4 was reacted with 2-iniino thiolane 
to generate free thiol groups, and then reacted with activated ^^'l-labeled peptide- 
5 L8A4 conjugate was isolated over a Sephadex G-25-PD10 column. The yield is 

about 35%. 

The EGFRvIII-expressing U87MGAEGFR cell line was used, and the 
results are shown in Figure 3. Internalized and total cell-associated counts were 
significantly higher with the oligopeptide labeling method at the three time points 

10 examined; the differences between the two labeling methods increased vnth time. 

For example, after a 24 hr incubation at 37**C, the percentage of activity retained 
as internalized counts was nearly four times higher with the oligopeptide 
(lodogen, 5.0 ± 1.2%; oligopeptide, 18.8 ± 5.4%). Likewise, the total cell- 
associated (internalized + cell surface) activity was 5.3 times higher for ^^^I-labeled 

15 oligopeptide-L8 A4 at this time (lodogen, 11.1 ±1.0%; peptide, 58.3 ± 12.4%). In 

comparison, when the peptide used by Govindan et al. (1998) and Stein et al. 
(1998) was used to label an internalizing mAb, a two- to three-fold increase in 
cell-associated activity was observed compared with directly labeled mAb. 

EXAMPLE 9 

20 Tumor Uptake of mAbs mAbs Labeled With a Positively Charged D-Amino 

Acid Linker 

The tissue distribution of murine L8A4 labeled with ^^^I using the 
oligopeptide method and with ^^^I using lodogen were directly compared in 
athymic mice bearing subcutaneous EGFRvIII-expressing, U87MGAEGFR human 

25 glioma xenografts. Monoclonal antibody L8 A4 was labeled as described in 

Example 8. The tumor uptake of the two labeled mAbs is shown in Figure 4. 
Significantly higher tumor levels were observed at all time points. The peptide 
labeling method increased the tumor retention of radioiodine activity by 194 ± 
38% at 12 hr, 296 ± 47% at 24 hr, 468 ± 91% at 36 hr, 542 ± 68% at 48 hr, and 

30 547 ± 69% at 72 hr. In comparison, the peptide described by Govindan et al. 
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(1998) and Stein et al. (1998) increased tumor uptake by only 170% at 24 hr and 
27ip% at 72 hr. In addition, the tumor delivery advantage achieved v^th the 
oligopeptide method was considerably greater than that observed in previous 
studies with murine L8A4 labeling using other methods (TCB and SIPC) 
5 developed for the radiodination of internalizing mAbs (Reist et al., 1995, 1996, 

199-^. 

EXAMPLE 10 

Thyroid Uptake of Radioactivity Released from mAbs Labeled With a 
Positively Charged D-Amino Acid Linker 

10 Thyroid accumulation is generally used as an indicator of dehalogenation of 

radioiodinated compounds in vitro. As shown in Figure 5, thyroid levels for L8A4 
labeled using the oligopeptide method of this invention (as described in Example 
8) were 52 ± 9%, 29 ± 5%, 17 ± 1%, 1 1 ± 1%, and 1 1 ± 2% of those for mAb 
labeled using lodogen at 12, 24, 36, 48, and 72 hr, respectively. 



15 EXAMPLE 11 

Tumor-to-Blood Uptake Ratio of Radioactivity From mAbs Labeled With a 
Positively Charged D-Amino Acid Linker 

With previous labeling techniques, tumor-to-blood label uptake ratios never 
were greater than 1 with murine L8A4 labeled using lodogen (Reist et al, 1995). 
20 In contrast, tumor-to-blood ratios for mAb labeled using the oligopeptide method 

of this invention (as described in Example 8) increased from 1.8 ± 0.6 at 12 hr to 
7.2 ± 1.0 at 72 hr (Figure 6). These ratios were significantly higher than those 
obtained with other labeling methods developed for use with internalizing mAbs 
(Reist et al., 1995, 1996, 1997). 
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